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1.0 SUMMARY

The overall effort described in this report was to obtain
high-speed post-stall compressor characteristics from actual_ transient
test data. To this end, the NASA Energy Efficient Engine (E3)
compressor was tested to obtain both low and high speed in-stall data.
This report describes the instrumentation, data reduction, and
estimation procedures necessary to obtain the high-speed post-stall
characteristics from transient (surge cycle) data.

In-stall characteristics were obtained from post-surge transients
for two high-speed conditions, 90 and 98.5 percent corrected speed,
using maximum likelihood parameter estimation techniques. The
90 percent speed transient contained sufficient data during which the
compressor inlet airflow was reversed such that estimates of compressor
characteristics in the reverse flow regime were also obtained.

The estimates of the in-stall characteristics were found to be
insensitive to the presence of test facility-induced dynamics which
influenced the nature of the post-stall transients. However, the

estimates of the compressor dynamic response time constants were found
to be sensitive to these parasitic dynamics.

In an effort parallgl to the testing and data analysis, a computer
model to simulate the E” compressor both in stalled and unstalled
operation was developed. This model proved capable of simulating the
different types of compressor instability, namely rotating stall and
surge, which occur at low and high speed, respectively.



2.0 INTRODUCTION

As the performance of high-pressure-ratio, high-speed aircraft
engine axial-flow compressors increases, the penalties payed in
off-design performance often increase as well. One of these penalty
areas is often found to be stall recoverability. Therefore, as
compressor designs improve, it is necessary to examine the effects of
increased performance on post-stall performance.

Analyzing and understanding compressor instability and
recoverability requires the development of detailed analytical models.
These computer models should be able to simulate the components and
engine system during post-stall transient operation. General Electric
has recognized the need for improving these computer models, extending

their capabilities, and developing test and data acquisition techniques
to validate them.

The success of such models depends upon proper representation of
the compressor in-stall characteristics. Previously, compressor models
have used in-stall characteristics determined from low-speed research
compressor data which were adjusted to reflect higher speeds, pressure
ratios, and airflows. However, advances in compressor design have
resulted in high-speed, highly-loaded compressors, the unstable
behavior of which is difficult to correlate to low-speed in-stall data.

For this reason, this present effort was undertaken to obtain
low-speed_and high-speed post-stall data from the NASA Energy Efficient
Engine (E”) compressor, a high-speed, high-pressure ratio machine
which not only represents the latest advances in compressor design, but
also embodies trends in compressor design which are likely to
continue. Therefore, co?puter models based on the in-stall
characteristics of the E” compressor should provide a more accurate

representation of post-stall behavior and recoverability of current and
future compressor designs.

The E3-IOC compressor was tested in General Electric’s Full §cale
Compression Test Facility located in Lynn, Massachusetts. The E”-10C
compressor configuration and testing are documented in Reference 1.
Also in Reference 1 are results of in-stall testing in which the
low-speed (50 to 75 percent corrected speed) in-stall characteristics
were obtained from steady-state, rotating-stall instabilities. In this
study, that effort is extended to obtain the high-speed (90 to

98.5 percent corrected speed) in-stall characteristics from post-stall
transient (surge) data.

It has been found that more traditional methods of obtaining and
reducing data, while useful in determining low-speed rotating-stall
characteristics, are inadequate in determining the high-speed in-surge
characteristics. For this reason, the use of system identification has
been pursued. 1In this report, a procedure for using maximum likelihood
parameter estimation theory (MLPET) to obtain in-surge compressor
characteristics from post-stall transient data is presented. The
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procedure is documented herein, from data acquisition and reduction
through incorporation of the estimated characteristics into a
compressor model.

The specialized instrumentation required to obtain the necessary
transient data is described in Section 3. This instrumentation
consists of airflow rakes containing high-response pressure transducers
and thermocouples. The calibration of these airflow rakes is described
in Section 4, along with a brief explanation of the data digitization
procedure and unit conversion methods.

The airflow rake pressures and temperatures are used to calculate
airflow at the compressor inlet and exit during post-stall surge
transients. The airflow calculation procedure is presented in
Section 5, along with results of a high-speed surge transient. In
addition, Section 5 contains a description of the filtering techniques
used on some of the data.

In Section 6, the basic idea of MLPET is introduced. An estimation
model structure is proposed, and the results of estimating the in-surge
characteristics are then presented for two cases, 90 and 98.5 percent
corrected speed.

Section 7 contains a brief description of a computer model which
has been configured to represent the E”-10C compressor test rig
system. Low-speed in-stall characteristics obtained from steady-state
test data and high-speed in-stall characteristics estimated from the
surge transient data are incorporated into the model. Steady-state and
transient output from the model is then compared to actual test data.



3.0 TEST INSTRUMENTATION

In oxrder to obtain data useful in quantifying surge cycle behavior,
specialized instrumentation was developed. This instrumentation was
designed to detect high frequency pressure and temperature variations,

as well as rapid airflow fluctuations in both the forward and reverse
directions.

The instrumentation was also designed to minimize sensor error due
to drift or temperature variations and, should error occur, a system to
aid in error detection and calibration was implemented.

3.1 Airflow rakes

The Airflow Rakes used in this test were custom-designed for the
g3 compressor flowpath with the purpose of measuring rapidly changing
forward or reverse flow at the compressor inlet and exit (Figures 1 and
2). Two rakes were located at plane 25 to measure the inlet flow and
two rakes were located at plane 31 just aft of the diffuser to measure
the exit flow (Figures 3 thru 5). At each plane, the rakes were
mounted at circumferential locations labeled "S" and "Y", which were
90 degrees apart. On each rake, transducers were mounted at two
immersions in order to measure both hub and tip airflow (Figure 5).

The airflow rakes contain five sensors each; four pressure

transducers (two facing forward and two facing aft) and one aspirated
thermocouple.

The pressure sensors are high-response differential transducers.
The transducers in the plane 25 rakes were made by Endevco and have a
range of + 20 psid. The transducers in the plane 31 rakes were made by
Kilite and have a range of + 60 psid. The natural frequencies are
100 KHz for the Endevco transducers and 275 KHz for the Kulite
transducers, well above the frequencies of interest in surge analysis.

The thermocouples were type E (chromel-constantan) for both
plane 25 and plane 31. The thermocouple junctions were made 0.001
inches in thickness in order to give a time constant of
10 milliseconds. These thermocouples were mounted facing aft on the

rakes and were normally aspirated. The temperature recovery for the
probes was T;/T = 0.994.

As can be seen in Figure 5, the pressure transducers are mounted in
a tube inside the rake; the end of this tube projects into the gas
flowpath When the dynamics of this tube are considered, the natural
frequency of the pressure measurement becomes 400 Hz. There is a
leakage path around the transducer in the tube so that the tube
pressure may be measured by another remotely mounted transducer. These
remotely mounted transducers are used to measure the steady-state
pressure in the tubes for use in calibration.
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Since the sensitivity of the pressure transducer changes with
temperature, the rakes themselves were kept at a constant temperature
by means of fluid circulation. The plane 25 rakes were heated during
the test by circulating sump oil at 100°F. The plane 31 rakes were
water cooled to maintain a transducer temperature of less than 110°F.

3.2 ZOC System

To improve the accuracy of the pressure measurements, differential
pressure transducers were chosen with ranges only large enough to
measure expected pressure fluctuations about a reference pressure
level. The Z0C (Zero, Operate, and Calibrate) system was used to
introduce a constant, accurately measured pressure to the reference
side of the transducers so that the range of the transducers would be
extended to the magnitude of pressure to be measured.

The ZOC system has three modes of operation; the "zero", "operate",
and "calibrate™ modes. The operate mode is as previously described; it
is the mode in which data are normally taken. The zero mode is used to
pneumatically couple the sensing side of the transducers to the
reference side such that the transducer output should be zero. In this
mode, zero shift or electrical bias may be determined.

In the calibrate mode, a known pressure difference is applied to
the reference side of the transducers. This mode is used to determine

any changes in transducer sensitivity during the test due to changes in
operating conditions such as temperature. '

The reference pressure generated by the ZOC system was measured by
high-acquracy Genesco absolute pressure transducers. The voltage
output from these transducers was recorded on magnetic tape along with
the voltage output of the airflow rake transducers. The ZOC pressure
was also measured by the steady-state facility measurement system so
that the airflow rake/ZOC system calibration procedure could be
documented by steady-state readings.

11



4.0 W_RAKE DATA REDUCTION

Once the dynamic, in-surge data had been obtained, a few steps were
necessary before the airflow calculations could be performed. First,
the analog data, which was in the form of electrical signals, had to be
digitized. Then, the actual pressures and temperatures had to be
reconstructed from these digitized electrical signals.

4.1 Digitization Hardware and Software Description

During the test, the dynamic temperatures and pressures measured by
the airflow rakes were recorded on analog tape. The Lynn facility data
measurement system amplified the DC voltage output of the pressure and

temperature transducers. The tape recorder converted these voltages
into FM signals.

During tape playback and digitization, the M signals were
reconverted to DC voltages, which in turn were amplified before being
sent into the digitization system.

The digitization system consisted of an IBM PC XT configured with
an A to D board and software from RC Electronics, Inc. This hardware
and software, called the ISC-16 system, enables an IBM PC to operate as
a digital storage oscilloscope. The system uses as input 16 channels
of DC voltages in the range of #+ 10 volts. This data is then digitized
on a 12-bit A-D convertor at a sampling rate which was set to
1000 samples/sec. The digital data is then sorted in a buffer which
can then be displayed on the CRT and stored permanently. The
digitization process was triggered from a time code recorded on the
analog tape during the test. The time code has a resolution of

one millisecond.

The analog tape has 28 tracks, and data can be stored on six FM
channels on each track. During the test, 46 of these channels were
used to record dynamic pressure and temperature measurements. Out of
these, 28 channels were chosen for digitization. For this reason, each
surge/stall event required two digitization passes to obtain the
necessary digital data. Each pass was then stored as a unique file,
two of which are needed to reconstruct a particular event. With the

chosen sampling rate and time code accuracy, it was possible to
synchronize these two passes within one millisecond.

The calibration and airflow calculations were done on the IBM PG,
with the final pressures, temperatures, and airflow then transmitted to
a VAX mainframe computer for filtering and characteristic estimation.

The data reduction was done in this manner to minimize data
transmission from the PC to the VAX.

4.2 Data Reduction_and Calibration Procedure

There were two phases in the reduction and calibration procedure
for the digitized signals. The first phase involved obtaining the

13
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original voltage signal from the stored binary digital data. The
second phase involved obtaining the actual temperatures and pressures
represented by the voltages originally recorded on the analog tape.

4.2.1 lec c Calibratio

As mentioned previously, the data were digitized by sending the
voltage output from the analog system through a 12 bit binary
expression with a value between 0 and 4095 directly proportional to a
-10 to +10 DC voltage level. This 12 bit binary number was then stored
in a 2 byte (16 bit) word. The first phase in calibration, then, was
to determine gain and bias levels to reproduce from these binary
numbers the voltages representing the dynamic instrumentation output.

During the test, voltage calibration signals were sent over the
instrumentation channels and were recorded on tape. Prior to data
digitization, these signals were played back and used to correlate the
voltage levels to their corresponding binary values.

4.2.2 nginee Unit Ca ation

Once these voltages had been obtained, the pressures and
temperatures were recreated. In order to do this, two calibration
quantities had to be known. The first quantity was the sensitivity of
the particular sensor. The transducers and thermocouples used
typically produced an electrical signal of a few millivolts in
proportion to the pressure or temperature measured. This sensitivity
was determined for each transducer and thermocouple prior to the test.
The second quantity was the test facility gain used to amplify the
millivolt signal up to + 2.5 or + 1.0 volts, depending on the sensor.
This gain was also determined and recorded prior to the test.

There were three types of sensors used in conjunction with the
dynamic data acquisition; high response differential transducers
(Kulite and Endevco), absolute pressure transducers (Genesco), and high
response E-type thermocouples. The sensitivities for the Genesco
transducers and thermocouples were known prior to the test, and those
values were used in the calibration. The sensitivities of the Kulite
and Endevco transducers, however, were determined based on calibration
measurements performed periodically during the testing.

The procedure for calibrating the airflow rake transducers involved
recording two special steady-state data points; a "zero" point and a
"calibrate" point. While the compressor was in a steady-state
operating condition, three consecutive steady-state readings would be
taken; "zero", "calibrate", and "operate" points. This calibration
procedure was sufficient to determine the sensitivity and bias for each
transducer. However, before each surge playback, a near-stall
steady-state data point was run to determine DC bias setting so that
the digital playback of the rake instrumentation matched the data

14



recorded during the ‘steady-state reading using the test facility
instrumentation. For example, the forward-facing pressure-probes were
adjusted to read the plane average total pressures. Likewise, the
individual thermocouples were adjusted to read the plane average
temperature as recorded by the facility instrumentation.

15



5.0 ATIRFLOW CALCULATIONS

Once the dynamic airflow rake pressure and temperature data had
been obtained in digital form, the calculation of the airflows
completed the data reduction procedure.

In this section, the airflow calculation procedure is explained and
the digitized data from a high-speed (98.5 percent corrected speed)
surge is presented and examined in some detail.

Because of inherently high noise levels resulting from the airflow
calculation procedure, the data were filtered prior to use in the

estimation process. The process by which the filter was designed is
also included in this section.

5.1 Alixflow-Calculation Procedure

On each airflow rake are two pairs of forward and aft-facing
pressure probes. During normal operation, the pressure measured on the
forward facing probe is the total pressure of the air at that point,
while the aft-facing probe will measure a lower pressure (the base
pressure) which is slightly above the local static pressure. Because
of the close proximity of these two probes, these forward and aft
pressures can be used to calculate the Mach number at a given radial
and circumferential location by the use of the following formula:

Y-1 0.5

P 14 ~
2 t _
Mearc = | 71 ( 7_ ) ! (1)

Since the aft pressure measured is a "wake" pressure and not a true
static pressure, an empirical formula is used to obtain the true Mach
number from the calculated Mach number. This formula was derived from
rake calibration in a special wind tunnel and is given by:

.

Mrpug = @ Mgarc * B (@)

where a and b are experimentally determined for each pair of pressure
probes. The corrected flow is then calculated as follows:

aye _AV T [ v, " IRUE p+i
S P
o

R V-1 2 —_— (3)
(“’ 2 I‘H’RU}:) 2(y-1)

From this corrected flow, the physical flow can be calculated in the
following manner:

17
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S P T (4)

where P and T are the total pressure and total temperature at the plane
of airflow measurement. During a surge, reverse flow can also be
measured, the total pressure being measured on the aft-facing probe and
the wake pressure being measured on the forward facing probe. The wake
pressure is always lower than the total pressure, thus the direction of
the local airflow can be determined by calculating the direction of
pressure drop across a probe pair.

On-site airflow rake calibration was also conducted prior to each
induced instability. The calibration utilized the facility airflow,
pressure, and temperature measurements at the steady-state points prior
to surge.

The pressure indicated by the forward facing probes was biased to
match the facility instrumentation plane average. However, the bias of
the aft-facing pressure probes was adjusted using the facility
steady-state airflow measurements and the airflow calculation algorithm
defined by Equations 1 and 2. The wake pressure was adjusted such that
the airflows from the facility measurement system and the airflow rakes
were the same. This calibration procedure was accomplished such that
each probe pair at a measurement plane yielded the average steady-state
airflow as recorded by the facility measurément system for that plane.

5.2 Compressor Dynamic Response

The transient airflow rake measurements for four instabilities
at three different compressor speeds were digitized and reduced .
according to the procedure described in Subsection 5.1. Table 1 gives
the conditions at which each instability event was conducted.

Table 1. Instability Events

Case Corrected Stator Duration Airflow Planes
Speed Setting Measured

1 90% Nominal 3 sec Inlet, Exit

2 95% Nominal 5 sec Inlet

3 95% Open 5° 3 sec Inlet

4 98.5% Nominal 5 sec Inlet
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The results of the 98.5 percent surge case are presented in this
section; the results of the other three cases are presented in
Appendix A. Figures 6 and 7 show the response of compressor pressure
ratio and airflow in response to a surge at 98.5 percent corrected
speed. Note that the pressures and airflows in these two figures
represent the arithmetic average of the four probes at each of the
measurement planes.

The pressure ratio and airflow response show that it took about
1.2 seconds until quasi-steady surge cycles were established. Figure 8
is a plot of compressor pressure ratio versus inlet airflow and clearly
shows the initial instability transient and subsequent surge cycles.
The initial transient was affected by the significant initial flow
reversal through the compressor interacting with the facility inlet
refrigeration system and the inlet and exit ducts, which are shown in
Figure 9. A description of these effects are given in Reference 1. It
should be mentioned that as a result of this flow reversal which
included not only the compressor discharge plenum, but also the
facility exhaust volume, and the continuous pumping airflow from the
inlet refrigeration units, a significant increase in inlet pressure and
temperature resulted. It is also clear from Figure 8 that the recovery
segments of the surge cycles do not recover to the pressure ratio and
airflow of the initial stall point. It appears that the compressor is
recovering, but at a much lower pressure ratio and airflow. Figures 10
and 11 point to a probable explanation. The compressor is run at a
constant physical speed, and when the compressor inlet temperature
increased during the initial transient, the corrected speed was driven
down to between 70 percent and 80 percent. .Analysis shows that when
the compressor is run at low speeds with the stators in the high-speed
position, the speed line and stall point is very close to that
indicated by the in-surge recovery trajectories in Figure 8.

The pressure ratio and airflow were also calculated using the tip
probe pairs (Figure 12) and the hub probe pairs (Figure 13). Comparing
these two figures one can see that the flow reversals during surge are
not entirely axisymmetric. Rather, the flow at the tips of the blades
breaks down and reverses to a much greater extent than the hub flow.
This leads to a radial recirculation pattern which has been observed in
other compressors, such as that of the J93 engine.

Following the initial instability, blowdown, and surge cycle
development, the compressor entered a period of relatively stable surge
cycles. These cycles are shown in Figure 14. The uniform character of
these cycles makes them ideal for use in estimating the in-stall
compressor characteristics, which will be explained in Section 6.

Figures 15, 16, 17 and 18 show the inlet corrected airflow, inlet
and exit total pressure, and inlet total temperature, respectively,
during these cycles as a function of time. From these plots, the
characteristics of a surge cycle may be examined. A surge cycle starts
at stall, at which time the exit pressure and flow rate drop
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significantly and the airflow actually reverses. The resulting flow
blockage causes an initial sudden increase in the inlet pressure,
followed by an equally sharp drop-off. Once in stall, the exit
pressure and airflow remain at stable, in-stall levels. Interstage
static pressure measurements indicate the presence of rotating stall
cells during this phase (see also Reference 1). Also to be noted is
the increase in inlet temperature during this in-stall phase,
indicating some kind of flow reversal, probably at the tip. As the
compressor recovers, this inlet temperature drops off, while exit
pressure and airflow both increase before stalling again and beginning
another surge cycle.

5.3 Digital Filtering Techniques

The flow measurement method used to obtain the unsteady,
transient airflow rate during surges is particularly sensitive to flow
and pressure fluctuations which are not necessarily indicative of
axisymmetric flow fluctuations. One of the major non-axisymmetric
disturbances were rotating stall cells which were present in one form
or another during all of the surges examined in this report.

It was decided to use the 90 percent corrected speed surge data for
the filtering investigation because the sinusoidal nature of the
in-stall oscillations would simplify a frequency domain analysis. The
measurements plotted as a function of time are shown in Appendix A,
Figures 43 through 50. The data interval for the following analysis
corresponds to the segment of the instability from 2.0 to 3.5 seconds,
and contains 1500 samples as shown on the following figures.

The presence of high frequency pressure fluctuations can readily be
seen in Figure 19. 1In order to correctly analyze this signal in the
frequency domain, the first order trend was removed from the signal
(Figure 20). The power spectral density of this signal is shown in
Figure 21. Note the dominant high frequency peak at 510 radians/sec.
This corresponds to a frequency of 81.2 Hz. From interstage wall
static pressure instrumentation, the rotating stall frequency was
measured to be 82.5 Hz (see Reference 1). The peak just to the right
of the 510 rad/sec is at approximately 1000 rad/sec which would be the
first harmonic of the fundamental rotating stall frequency. The low
frequency peaks occur at 44 and 100 rad/sec, which correspond to 7 Hz
and 16 Hz respectively, and are more representative of the axisymmetric
flow fluctuations in the compressor. In the planes of flow measurement
upstream and down stream of the compressor, the flow patterns of
interest are fluctuations resulting from axisymmetrical flow
oscillations. The circumferential pressure disturbance caused by
rotating stall cells distorts the planar flow measurements to the point
of questionable physical significance, as can be seen in the
large-amplitude high-frequency airflow fluctuations observed in
Figure 22. This type of disturbance must be eliminated or at least
attenuated in order to be consistent with the level of sophistication
inherent in a one-dimensional estimation model.
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It was therefore decided to filter the mass flow rate prior to its
use in the estimation process. Two different schemes were tried. The
first scheme was to filter the pressure signals from the forward and
aft-facing pressure probes from which the airflow was then calculated.
The second scheme was to filter the airflow itself. From the beginning
it was felt that, due to the non-linearity of the mass flow rate
calculation, the measured pressures should be filtered instead of the
flow rate, so this scheme was used for the filter design. It was
decided to use the IDPAC Butterworth filter design option because of
its speed and compatibility with the parameter estimation routines.

The filter cutoff frequency was chosen at 300 rad/sec (47.7 Hz), and
third order and fifth order Butterworth filters were designed.

Figure 23 shows the spectral densities of the pressure signals (1),
filtered with a third order filter (3), and filtered with a fifth order
filter (5).

These filtered pressures are then used to calculate local airflows,
which are then arithmetically averaged to obtain the airflow at a given
plane. Figure 24a shows a local compressor inlet airflow before and
after filtering by this method, with the corresponding frequency domain
plots shown in Figure 24b.

It was also verified that filtering prior to or after the airflow
calculation affected the final waveform. Figures 25a compares the two
schemes. Figure 25b shows the corresponding frequency domain plots.
Inspection of these plots shows that some of the low frequency
amplitude is lost when the second scheme (filtering the flow rate) is
used; therefore, it was decided that filtering the pressure signals
prior to mass flow rate calculation would yield more accurate results.

32



U .
Arrprgeisul N %06 ‘(MSGZXd) 2311nd
v;:mmwgm_muOhuo_:_vu;mu__uvcmvmgou__mcsmo m;uuoamgozom.mmwhsm_u

puodsas uad suejpes ‘Aouanboauy

‘o001 ‘00 ‘ot

% —<wu " N i N " L A
A - 8-3'1

5 (43P40 Y1G) MSSZXd Po43311d - §

(49p40 P4E) MSGIXd PR43td - € | >

A 1 MSSZXd P24@3Ltdun - | b o g T

=

c

(o N

o

r-31

- £-3°1

dWv
v - v v v v v 3" 10°0

33



lbm/sec

Intet Corrected Airflow,

Amplitude

Unfiltered Data

Filtered Data

o -
50. | ¢ ge.,
~
£
L
30. ] ~ 30.]
=
o
: 1
10. = 10.]
<
)
v
o)
-100 0'10“
]
|
1 S
3 1
_303 -30.
* WSt
[ ]
= ]
-500 el v -500 —~— S —
0. 309. Q. 300.
Time, seconds Time, seconds
Figure 24a. A Comparison of Inlet Airflow Calculated from
Unfiltered and Filtered Pressure Measurements,
90% Nc Instability.
?m—a-————:,\/
| 1 i/\
10- ‘\/\
< AR
] 1
1 - Unfiltered Data
0.1 3 - Filtered Data
] [
0.01
1
1.E-32
T — v T v —r T -
10. 100. 1000.
Frequency, radians per second
Figure 24b. Power Spectra of Inlet Airflow Calculated

from Unfiltered and Filtered Pressure
Measurements, 90% N Instability.
c

34



Inlet Corrected Airflow, lhm/sec.

Amplitude

Filtered Pressure

Filtered Airfilow

30. o 3.
™)
[12]
~ 4
n 2
18.] M — 18.]
d g 1
6.. “ 6.
) N < ]
o
-6‘] 2 "604
v
] HP' ! o ]
c-18.]
-18.1 h S 18.
bt
< i Q 4
-30. £ -30. - - -
0. 300. 0. 300.
Time, seconds . Time, seconds
Figure 253, A Comparisen of Inlet Airflow Calculated From
Filtered Pressure Measurements and filtered
Airflow, 90% N_. Instability.
e ———1—
1.
0.1
1 - Filtered Pressures
! 3 - Filtered Airflow
0.01]
10E’3-
-
1.E-4]
— T A T v v T
10. 100. 1000,
Frecuency,radians per second
Figure 25b. Power Spectra of Inlet Airflow Calculated From

Filtered Pressures and Filtered Airflow, 90%
NC Instability.

35



6.0 COMPRESSOR CHARACTERISTICS IDENTIFICATION

The oscillating, large amplitude nature of the surge cycle is based
on a coupled set of highly nonlinear governing equations. Due to the
complexity of the dynamics, obtaining an analytical solution to the

compressor instability problem based on first principles is not
feasible.

Many researchers, most notably Greitzer (Reference 2), have
formulated an in-stall model which assumes that the various instability
transients have as their forcing function a set of quasi-steady
characteristics. The compressor can then be modelled such that the
system non-linearities can be accounted for in the formulation of these
quasi-steady characteristics, enabling the relationship between the
quasi-steady and instantaneous characteristics to be modelled as a
simple linear dynamic system.

When the compressor problem is thus decoupled into a quasi-steady
non-linear part and a linear dynamic part, powerful statistical
techniques based on estimation theory may be applied to the linear
dynamic model to obtain both linear model parameter estimates and
"fits" to the non-linear characteristics..

For this effort, Maximum Likelihood Parameter Estimation theory
(MLPET), applied in the form of the software package IDPAC, was used to

obtain estimates of the high-speed in-stall quasi-steady
characteristics.

6.1 Background

Consider a multiple input, single output linear time invariant
system of the form

I »

= Ax + Bu + w (5)

where X is defined as the state vector of the system, u is the input
vector, and w represents modelling errors and stochastic

disturbances. The output y of this system is described by the
following equation

y=Cx +Du+v ' (6)

where v represents measurement noise. The elements of w and v are
assumed to be Gaussian white noise processes.

The idea of MLPET is to obtain a reconstruction of the output vy,
designated y, based on an estimated model, so that the difference
between the output and its reconstructed value is minimized.
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This is done by defining a loss function

N

1 € 2
ve) = :E : 1 b

i=1

where 8§ 1is a vector of parameters to be estimated and

A
= - (8)
€; =¥y Yy

Minimizing this loss function with respect to 8 will yield the
maximum agreement between a parameter and its estimate. This subject
is presented in more detail in Reference 3.

For this particular effort, an interactive identification package
named IDPAC was used. IDPAC was developed at Lund University in Sweden
and has many useful capabilities, including maximum likelihood
estimation and dynamic system modelling, as well as the frequency
domain analysis and filter design techniques mentioned in
Subsection 5.3. The capabilities and use of IDPAC are explained in
Reference 4.

Equations 5 and 6 are continuous-time system equations which can be

written in a discrete-time input-output canonical form defined by the
following equation:

A@ Dy(t) = Byuy(e) + ...+ Byu (£) + C(q De(r),

for t =0, 1, 2,... (9
where q'1 is a delay operator such that

q"lu(t) - u(e-h) (10)
and where h is the delay time, y(t) is a single output, u(t) is a
vector comprised of m inputs, and e(t) is the measurement error.

The functions A, B, and C are polynomials of q'1 as follows:

-1 -1 =2 -
A = n
(q ) 1+ alq + azq + ee. + anq
-1, _ -1 -
B(q 7) = bo + blq + ... + bnq n (1)
-1 -2

- -1
C(q ™) 1+ ¢4 ...+ c.d
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The parameters to be estimated are the coefficients of these
polynomials. The best estimate of these parameters is obtained by
minimizing the loss function described by Equation 7.
random error input to the system is then defined by

A- —tzi- mien[V(g)]

A measure of the

(12)

where N is the number of input-output samples used in the estimation.

The accuracy of the estimate of a given parameter 6; is found by
calculating the uncertainty, g , of that parameter, which is defined by

-1
aze -AZ[IVOO(Q-)]ii

(13)
i

where V 0( 8 )is the second partial derivative of the minimized loss
functiog (equation 7).

3.2 ation Mode

The dynamic model assumed for the compressor has as its foundation
quasi-steady characteristics to which the compressor has two
fundamental modes of response. This model is illustrated in
Figure 26. One response is associated with low-speed behavior and
involves at the point of stall the transition from an unstalled
steady-state point to a rotating stall quasi-steady operating point
along a trajectory assumed to be a first order decoy.

The high-speed post-stall transient is also assumed to be a first
order response, but in this case the operating point migrates with time
and the resulting surge cycle is therefore based at times on the
in-stall characteristic, the unstalled characteristic, and also the
in-stall reverse-flow characteristic. The high-speed operating point
migration shown in Figure 26 may be compared with actual test data
previously shown in Figures 8 and l4.

The techniques developed for identifying the in-stall
characteristics inherent to surge transient data are based on the fact
that compressor flow exit properties can be related to the inlet
conditions, and this relation is basically a function of the
quasi-steady, in-stall characteristics and the compressor time-response
constants. Evaluation of this relationship is done using only inlet
and exit measurements. Thus, independent from the system where the
data are to be acquired, engine or test rig system, the identification
process does not have to be system dependent. This approach simplified
the identification methodology and alleviates many of the difficulties
that would be encountered if the component parameter identification
were based on a system representation. In Reference 5, a methodology
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T T3

based on a system identification model has shown that precise surge
initiation synchronization between the model and the measurements was
necessary for successful parameter identification. Such
‘synchronization is expected to become more difficult when the surge is
not initiated as a planar wave, as is the case with real compression
systems. In addition, for a system modelling technique, the compressor
parameter estimation will be biased due to any errors introduced

through incorrect modelling or misrepresentation of the other system
components.

In the following sections, the identification model based on these
compressor inlet and exit relationships is presented.

6.2.1 ssu oe cient Estimatio odel

The pressure coefficient model structure is based on a simplified
version of the momentum equation together with a first order time delay
equation. A one-dimensional model was assumed, and the convective
momentum terms and mass accumulation within the compressor control
volume were neglected. With these assumptions, the momentum equation
becomes decoupled from the mass and energy equations. Thus, the

pressure coefficient can be explicitly obtained. The simplified
momentum equation appears as follows:

L
Ag dt 2g JC, *1 25 P31 (1)

The first order time delay function is

d ¥
dt

T + ¥ = v

Qs (15)

1
where ¥ Qs 1is the quasi-steady pressure coefficient and is a function

of the flow coefficient @ , where the flow coefficient is defined by

0.5
o __t2s VeRT,s
- - 2 16
] 1+ V-1 M (16)

For this model, the measured parameters are compressor inlet total
pressure P,g, exit total pressure P31, inlet total temperature
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Tys, and inlet physical airflow W,5. The estimation involves
obtaining the time comstant T and the functional relationship

between ‘I,QS and ¢
] m
¥gs (P) - 2 : Biss (@) <D
i=1

where s; are known input functions of ¢ and [Bi are the unknown
parameters to be estimated. The relation described by Equation 17 is
constrained to be a linear function of the input signals s;. The
assumed functional form of ' (a polynominal in ¢ ) dictates the
set of signals s; to be used. :

The model given by Equations 14 and 15 must be put into a discrete
multi-input single-output (MISO) form for IDPAC to use:

[] ]
¥ - ¥ =
k+1 a *x z : bisi,k (18)

The coefficients for this model are

- (19)
a=e /T

and

20
b, = (-a) B, (20)

where h is the digital sample period. With the system in this form,
the parameters to be estimated are a and bi'

From previous estimation work on model data and low-speed in-stall
test data, the in-stall pressure coefficient is assumed to be in the
form of a parabola. Thus Equation 16 becomes

1

v =b s, +b.s. +b_s

Qs ii 272 373 (21)
where
2
sl=l.0,sz=(0,ands3=¢ .
6.2.2. Work Coefficient Estimation Model

The work coefficient model structure is based on the compressor
control volume energy equation together with a first order time delay
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equation. The energy equation is expressed in terms of entropy and is
given by:

d
— - - W._.+S
7 (PasS31) = Sasfas = Sy * 55 (22)

2 p-1 2 P-1
R U U
Sp =¥y I <‘I’2‘gjc' Ty 1) (‘f’r""‘g.rcprzs *1 ) (23)

The time delay equation is

dw
T t VY o= Y (24)

which is similar in form to Equation 15. Note that in addition to the
measured variables required to estimate the pressure coefficient, the
work coefficient model requires the compressor exit physical airflow
rate Wy;. It must also be mentioned that when these equations are
rearranged to provide ¥ as a function of the measured variables, the
model becomes singular at zero inlet airflow rate. The IDPAC
estimation model formulation for the work coefficient follows the
formulation for the pressure coefficient model (see Equations 15
through 20), except that the shape of the quasi-steady work coefficient
cannot be fitted well with a polynomial. For this reason, the work
coefficient was modelled as a series of linear segments as follows:

v o= _ (25)
Qs bls1 + b252 + b3s3 + b[‘s4

where the input functions s; are defined as shown in Figure 27.

[

Figure 27. Input Signals For Work Coefficient Estimation.
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6.3 essure C e timatio

The first case to be estimated was the 98.5 percent corrected speed
case. However, before the estimation could be accomplished, two
preliminary steps had to be taken to prepare the data. The first step
was to obtain a segment of data during which the surge cycles were well
developed and uniform. The second step was to segment the data into
in-stall and unstalled regions.

The data used in the estimation process was the time segment
between 1.6 and 3.7 seconds of the transient, part of which is shown in
Figures 14, 15, 16, 17, and18. Figure 14 shows that the cycles can be
separated into unstalled and in-stall regimes by choosing as a
criterion the passing of the corrected inlet airflow rate through a
threshold of about 50 1lbm per second. The data was then separated into
intervals during which the airflow rate was below this value, which
became the in-stall data, and intervals during which the airflow rate
is above this wvalue, which became the unstalled data. A study on data
segmentation was performed in which it was found that the quality of
estimation was not highly sensitive to using the exact value of 50 lbm
per second. In fact, deviations of 8 lbm per second from this value
did not cause significant variations in the estimated parameters.

Also, the introduction of hysteresis (recovery from stall at a higher
airflow rate than the threshold value for going into stall) did not
produce much difference in the estimation process. These intervals
were then linked to form an in-stall time series and an unstalled time
series. The estimation process was then performed on the in-stall time
series.

Figure 28 shows the estimated 98.5 percent corrected speed
quasi-steady in-stall pressure coefficient. In order to compare the
estimated in-stall pressure coefficient to the available steady-state
in-stall data, some steady-state data points obtained during 75 percent
corrected speed rotating-stall are included in the figure. This
comparison has some validity due to the fact, as observed in
Subsection 5.2, that an increase in inlet temperature during the
98.5 percent speed instability actually drove the corrected speed down
into the 75 percent range. Note that the estimated characteristic is
lower than the steady-state data. In comparing the test data and the
estimate, it should be noted that they correspond to different in-stall
behavior modes. The steady-state data was obtained during low-speed
rotating stall. The estimate, however, was obtained from high-speed
surge data using a one-dimensional, axisymmetric compressor estimation
model. Recently, Greitzer and Moore (Reference 6) have proposed an
approximate theory which predicts a difference between the rotating
stall and the axisymmetric surge characteristic, the surge
characteristic being steeper and lower near the zero flow region. The
data presented in Figure 28 seems to support this theory. Also shown
on this figure are uncertainty curves which were obtained by varying
the estimated parameters plus or minus one standard deviation from
their mean value. This standard deviation is obtained from
Equation 13,
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The pressure coefficient estimation was attempted using two
different input models. Both models use second order polynomials; a
"three input” model, given by Equation 20, and a "two-input model”,
vhich lacks the linear input term s,. Figure 28 is an estimation
based on the two-input model.

Figure 29 compares the estimations based on two-input and
three-input models. By comparing the loss functions of these two
models, it was determined that estimation quality was not degraded by
leaving out the first order input s,. The justification for this
omission is that ¥  has generally been found to be an even function
of @, or nearly so. QS

Note that these curves can only be considered reliable estimates of
the actual in-stall quasi-steady pressure coefficient over the range of
high probability density of the flow coefficient as shown by the
histogram of Figure 30. This range extends approximately from -0.025
to 0.175.

One of the objectives of this estimation effort was to obtain
information on the compressor characteristics during reverse flow
conditions. Recall from Subsection 5.2 that at the beginning of the
98.5 percent speed surge transient, there was a significant amount of
reverse flow. However, once the surge cycles become established little
reverse flow was evident. This can be seen in Figure 15. This is also
obvious from the histogram shown in Figure 30. Unfortunately, the low
probability density in the reverse flow region also indicates that the
characteristic estimation in that region lacks credibility. For this
reason, in-stall data from a 90 percent speed instability was also used
in the pressure coefficient estimation process.

The data segment chosen for the 90 percent corrected speed
estimation is the data between 2.0 and 3.7 seconds of the transient.
The filtered data used for the pressure coefficient estimation is shown
in Figure 31. Note that there is a significant amount of reverse flow
at the inlet, and the histogram of the flow coefficient derived from
the data shown in Figure 32 indicates a high probability density of the
data centered around zero flow, and extending well into the reverse
flow region. This histogram shows that the estimations based on this
data would be valid for flow coefficient values from approximately -0.1
to 0.1. Figure 33 shows the two input and three input estimations of
the in-stall pressure coefficient from this data. As in the
98.5 percent speed’case, the elimination of the first order input S9
(i.e., assuming ¥ g is an even function of @ ) does not degrade the
quality of estimation as measured by the loss function given by
Equation 7.

The final test for validation of these estimates was to obtain, as
stated in Subsection 6.1, a reconstruction of the output based on the
estimated model. IDPAC was used to simulate the deterministic part (no
process or measurement noise) of the estimated 90 percent corrected
speed two-input model. It should be noted at this point that the
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estimated time constant had to be adjusted to produce this pressure
coefficient reconstruction. Applying Equation 19 to the estimated
parameter ’'a’ yields a time constant of 243 milliseconds for the
two-input model. From the period of oscillation seen in Figure 31 it
can be clearly seen that this is not the time constant for which we are
looking. Rather, the estimation process seems to have estimated a time
constant in order to fit the system-dependent slow trends observed in
the increasing inlet pressure and decreasing inlet temperature observed
in Figure 31. A new time constant was then chosen for the estimation
model used in the pressure coefficient reconstruction using trial and
error. It was found that a time constant of 18 milliseconds yielded an
acceptable reconstruction. Figure 34 is a comparison of the actual
instantaneous pressure coefficient and its reconstruction based on the
estimated model and the measured flow coefficient.

6.4 Work Coefficient Estimation

The work coefficient estimation is a more difficult problem than
the pressure coefficient estimation. One reason for this is the shape
of the curve; it does not lend itself well to polynomial
representation, so a piecewise linear fit must be attempted. The
estimation model is more complex, requiring more terms and the exit
physical airflow rate as an additional variable; see Equatiom 22.
Also, this model is singular at zero inlet airflow. The problem of
singularity at zero flow was solved by limiting the amplitude of the
work coefficient at that point. The problem of constructing a
piecewise linear fit was simplified by assuming an estimation model
similar to the low speed rotating-stall work coefficient, just as was
done for the case of the pressure coefficient.

The model requirement of having measurements of exit physical flow
rate limited the available data to the 90 percent speed case. This is
because at higher speeds the exit temperature went beyond the
measurement limits set in the data acquisition system, and temperature
is necessary in calculating physical airflow rate. Figure 35 shows the
estimated work coefficients of the input model given by Equations 24
and 25. Also on this figure are points representing the 75 percent
speed steady-state work coefficient derived from actual test data.
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7.0 C MODE MULATION

In addition to the experimental work and subsequent data reduction,
a parallel effort involved the development and verification of a
computer model capable of simulating, to a given extent, the nature of
the instabilities encountered during the compressor test. This model
was tested and verified at both low speed, where instability took the

form of rotating stall, and at high speed, where the primary
instability was surge. ‘

7.1 Model Description

The model is a one-dimensional single-block compressor
representation using the overall pressure and work characteristics to
specify a given operating speed. The atmospheric inlet duct,
compressor, discharge volume, and discharge valve, shown schematically

in Figure 9, have been modelled as a set of volumes as shown in
Figure 36.

The computer program is a modification of an existing program
which has been used for simulating compressgr post-stall dynamics. The
program was modified and upgraded for the E° compressor post-stall
simulations. The program numerically solves the three governing
equations of mass, momentum, and energy for each volume in an explicit
time-marching manner. The equations to be solved are as follows:

dp 1

T = v - (26)
aw Wi ‘ w§

[ -2 + - (27)
dc L - < P1IAL T 3 P ) g P A, * Fz>

dp’s 1 (28

Tt = = (S5;W; - SWy +5p) )

These time-dependent_equations are evaluated based on the actual
characteristics of the E” compressor. The force and the generated
entropy terms F, and Sy are evaluated based on the compressor
characteristics in a quasi-steady-state manner:

(w;)z o

1
F. = PlA, + - P.A, =
z 272 ngAZ 171 g p lAl

(29)
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] ]
FTSM S

S (30)

where the prime variables (P’',W',...) are evaluated from the

instantaneous pressure and work coefficients, ¥ and ¥, using the
following relations: ’

' 2
T = ‘I’ —.2— -+
2 2g3C, 1 (31)
- 14
' o v y-1 32
P = —————————— =
2= 5 283C T +1 -G
. p1l
\
W, = ¥ (33)

The instantaneous characteristics are related to the quasi-steady-state
characteristics by a first order time delay:

T + ' = ' 34

The time delay T was experimentally determined by examining stall
inception and recovery transients at different speeds. The time
constants were found to be a function of speed as shown in Figure 37.

7.2 Low Speed Test and Modelling Results

At low speeds, the compressor response to an induced instability
was a rapid transient to an equilibrium rotating stall state. The
compressor remained in this steady-state condition until the stall was
cleared by deliberate action. Steady-state performance readings were
obtained while the compressor was in-stall in addition to the normal
unstalled performance readings. Figure 38 shows unstalled and in-stall

- compressor characteristics for 75 percent corrected speed based on

these steady state readings. Note that while reading numbers 328 and
332 define part of the unstalled characteristic, reading numbers 329,
330 and 331 lie on the steady-state in-stall characteristic.

A significant amount of stall-recovery hysteresis may be observed
in both the pressure and work coefficients. From a steady-state
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operating point at reading 328, the compressor discharge valve was
closed until stall occurred. The discharge valve then had to be opened
well past the stall initiation setting before recovery would occur.

The difference between the discharge valve settings at the stall point
and reading 332 is a measure of this hysteresis. Adjustments to the
model’s stall-recovery transition logic were made to account for this
hysteresis.

The transition from the unstalled to the in-stall characteristic is
transient in nature and cannot be defined in a steady-state manner.
Figure 39 is a time history of two airflow rake pressures, one inlet
and one exit, responding to this stall transition. The transient
oscillations soon damp out, and the compressor settles into steady
state in-stall operation at which time reading number 329 was recorded
(see Figure 38). The time constant T plotted as a function of speed in
Figure 37 and used in Equations 36 and 37 was obtained from the
(assumed) first order decay of the exit pressure shown in Figure 39.

In order to simulate the 75 percent corrected speed condition, the
curves of the steady-state characteristics shown in Figure 38 were
input to the model as the quasi-steady-state characteristics of
Equations 36 and 37; the time constant used in these equations was
input from Figure 37. The speed and initial conditions for the
simulation were determined from reading number 328. The model was then
used to simulate 75 percent corrected speed stall development. A plot
of compressor pressure ratio versus corrected inlet airflow is shown in
Figure 40. From this figure it is easy to see the unsteady transition
from an unstalled equilibrium point into a series of oscillations which
eventually converge on an in-stall steady-state point. Table 2 shows a
comparison of these two steady-state points as recorded at the test and
as simulated by the model. Figure 41 shows time histories of inlet and
exit pressures for this transient.

A comparison of Figures 39 and 41 shows that the model transient is
slightly faster and with significantly more oscillation about the
in-stall point. Nevertheless, the dynamic respomse of the inlet
pressures are similar: the model yields a 28.5 Hz oscillation which
compares well to the 32 Hz oscillations observed in the measured inlet
total pressure Pp5 (this frequency is close to the organ pipe
resonance frequency of the duct between the compressor face and the
inlet bellmouth). Note also that the inlet pressure responds to the
stall inception by first increasing, due to an increase in flow
blockage within the compressor and then decreasing to a minimum as the
exit pressure nears the end of its decay. The model produces a similar
time history.

The model also reproduces a modulation of the inlet pressure
oscillations, and both model and test data show that the oscillations
increase again in amplitude approximately 0.2 seconds after the stall
initiation and decrease again about 0.1 seconds later. This modulation
is thought to be caused by interactions between the compressor and the
inlet duct.
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Table 2. A Comparison of Model and Test

Steady-State Data Points, 75% N Stall.

Before Sta After Stall
Mé—ﬁgﬁr Model Test Model Test
Py5, psia 16.75  14.74 14,75 14.83
Tps, °R 492.0 491.6 495.0 491.8
‘Wcos, lbm/sec 34.00 33.58 12.50 12.65
Py;, psia 83.00  84.82 35.00 32.56
T3, °R 940.0  935.6 1150 1071
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The most significant discrepancies between the model and the
transient test data exist in the exit pressure waveforms and are caused
either directly or indirectly by the presence of rotating stall cells
which could not be simulated in the one-dimensional flow model. The
rotating stall cells cause circumferential disturbances in the flow
which are readily observable as the 80 Hz oscillations in the test data
exit pressure. Not as obvious, however, is the fact that these
rotating stall cells, in addition to causing blockage which reduces the
overall axial flow, attenuate the compressor inlet pressure
fluctuations. The model, which represents the compressor as one block,
does not account for this attenuation, and transfers the inlet pressure
fluctuations to the compressor exit.

7.3 High Speed Modelling Results

The 98.5 percent corrected speed surge case was chosen for
simulation because of the fully-developed surge cycles with discernible
periods of in-stall and unstalled operation (see Figure 14).

As in the 75 percent corrected speed case, the unstalled
characteristics were determined from steady-state test data. However,
no steady-state, in-stall data was available at high speed. For this
reason, the estimated in-stall characteristics were incorporated in the
model. The in-stall work coefficient curve, which was estimated at
90 percent corrected speed, had to be adjusted upward to be consistent
with the higher unstalled work coefficient at 98.5 percent corrected
speed. The pressure coefficient also had to be adjusted upward
slightly to reduce the severity of transition from the unstalled to the
in-stall regime which had been causing numerical stability problems.
The resultant pressure coefficient curve used in the model is very
close to the upper standard deviation curve shown in Figure 28. The
unstalled and in-stall compressor characteristics used for the
98.5 percent speed simulation are shown in Figure 42.

As in the test data, fully developed surge cycles were observed in
the model output. Figure 43 is a plot of compressor pressure ratio vs.
inlet corrected airflow. Examination of this figure shows periods of
stall including reverse flow, separated by periods of recovery, which
are characterized by a building of pressure at a high airflow rate
until stall occurs and the cycle starts again. Figure 44 shows the
time histories of the inlet and exit pressures. Note that on this
figure also, the data can be visually segmented into stalled and
unstalled regimes as is the case with the test data.

It may be observed that the present simulation does not produce the
initial transient observed during the 98.5 percent corrected speed
surge as shown in Figure 8. The main reason for this difference is
that the compressor interaction with the facility exhaust system was
not allowed for in the model. Also, two-dimensional effects, such as
rotating stall cells which do affect axial flow and pressure

fluctuations to a degree, are not reproduced in the one-dimensional
model.
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Inlet temperature and pressure increases due to the unsteady
operation of an upstream refrigeration unit were also neglected due to
complexity constraints. This rise in inlet temperature in particular
greatly affected the recovery portions of the surge cycles. Figure 43
shows the compressor recovering along the original unstalled speed line
and stalling close to the original stall point. The test results,
previously shown in Figure 8, show the recovery and subsequent stalls
taking place along an entirely different speed line. This was due to
the inlet temperature increase which caused a decrease in corrected

speed and thus, lowered the pressure ratio and airflow of unstalled
operation.

The inability of the model to reproduce the exact surge cycle
signature observed during the compressor test does not negate the
validity and usefulness of the model. The model was able to reproduce
either rotating stall or surge depending only on speed. The
differences between test data and model output are to a large extent

attributable to necessary simplifications of the compressor
rig/facility system.
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8.0 CONCLUS AND RECOMMENDATIONS

The post-stall compressor test, data reduction, and in-stall
compressor characteristic estimation effort documented in this report
represents a new direction in high-speed compressor testing and
analysis. For this reason, as many questions were raised as answers
were found. This effort was of value not only because of the wealth of
previously unobtainable high-speed post-stall data that was obtained,

but also because of the lessons learned in conducting this sort of test
and data analyses.

The airflow rake/ZOC system worked very well in providing
compressor inlet and exit pressures, temperatures, and airflows of
sufficient quality and resolution so as to allow credible parameter
estimates. Nevertheless, improvements to the design of this
instrumentation have been proposed, particularly modifications which
will allow change out of faulty airflow rake transducers with minimal
test scheduling impact. Also, new data reduction systems are in
development which will permit on-line data digitization and airflow
calculations. In addition, compressor rig test system modifications
will be made to minimize the effects of the facility systems and
ducting on the post-stall transients.

In spite of the system dynamics superimposed on the post-stall
compressor transients, estimation of high-speed pressure coefficients
at 90 and 98.5 percent corrected speed and the work coefficient at
90 percent corrected speed were obta%ned. These estimates were
validated by comparing them to the E” .low-speed rotating stall
characteristics. The differences between the low-speed and the
high-speed characteristics are consistent with analytical predictions.
Also, a reconstruction of the instantaneous pressure coefficient was
obtained from the estimated quasi-steady pressure coefficient for the
90 percent speed case. One area of further work is time constant
estimation. The estimation procedure yields a very large time constant
based on low frequency compressor-facility interactions. Future
efforts must address this problem, both to improve the estimation model
to allow for decoupling system and compressor dynamics, and to modify
the facility and test procedure so that these dynamic interactions may

be minimized as much as possible prior to data reduction and
characteristics estimation.

The incorporation of the E3 characteristics into the computer
model produced encouraging results. The difference between low-speed
instability (rotating-stall) and high-speed instability (surge) which
has been predicted theoretically and has been observed in compressor
and engine testing was successfully reproduced by this model.
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APPENDIX A

High Speed Post-Stall Transients
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